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Abstract
This study presents an approach based on Design of Experiment (DoE) technique for the optimization of an energy recovery ventilator (ERV). This
system is one of the eﬃcient ways to enhance the thermo-hygrometric comfort without increase excessively the thermal load in domestic kitchen.
However, there is a major concern, which energy recovery cannot trade oﬀ ERV’s fan power consumption. The goal of this study is to obtain the
information about the relation between factors and response in an empirical way. This approach integrates three diﬀerent levels of analysis: the
virtual prototyping, Design of Experiment (DoE) and rapid prototyping. The virtual analysis allows to deﬁne the principal parameterization of a
simpliﬁed model and to simulate the performance of each conﬁguration at working condition. The proposed approach investigates the eﬀect of the
deﬁned parameters and noise factor on the experimental results. In particular, the applied method for DoE analysis is based on virtual experiments
in according to the necessity to reduce time and costs during the early design phase. The optimum parameters conﬁguration, which is deﬁned by
the previous step, is useful to deﬁne the geometry and the working condition of a reliable virtual model. The ﬁnal level is the realization of a 3D
ERV with a rapid prototyping printer. The obtained component is now evaluable at the test bench to investigate the air ﬂow rate and the electric
power consumption.
c© 2016 The Authors. Published by Elsevier B.V.
Selection and peer-review under responsibility of Professor Lihui Wang.
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1. Introduction
The goals of the European Community aim to develop a
competitive sustainable and safety energy economy. In this
sense, domestic appliance producers are faced with the study
and research of more eﬃcient products with less environmental
impact [1], but that are able to get high performance and func-
tionality [2]. These problems require a ﬂexible design method-
ology that is able to support the engineer in virtual physical
analyses and also in the rapid decision-making processes, in or-
der to increase the quality and the performance of the product.
Moreover, the complex dynamics of global markets, force com-
panies to adopt new ways so as to increase their competitive-
ness. For this purpose have been developed a multidisciplinary
approach, where the designer is obliged to consider simultane-
ously multiple perspectives to determine the optimal solution.
Above all, engineer is called to achieve the right compromise
among the product features, manufacturing time, cost and per-
formance. This process of optimization is often manual [3] and
does not allow a comprehensive exploration of the problem, ob-
taining solutions that are not always the optimal ones.
Therefore, automated optimization based on the integration of
CAD and CAE tools are essential to increase products qual-
ity and to facilitate and accelerate the identiﬁcation of the best
conﬁguration. The majority CAD-CAE tools existing on the
market are stand-alone systems and they need a relevant user
interaction to achieve a real integrated use [3,4].
In this context, the aims of this paper is to develop a method-
ology that allows, through the eﬀective integration of diﬀerent
design and simulation tools, the multi-objective product opti-
mization.
The approach presented in this paper consists in making a lim-
ited number of simulations based on the Design Of Experiments
- DoE method [5–8] and the reconstruction of the Response
Surface Methodology - RSM [9]. The simulation results are
used to create an approximated model of system responses. The
approximated model is called surrogate model or metamodel
and can be generated using diﬀerent techniques [10]. From the
surrogate model it is possible to analyze thousands of conﬁg-
urations that identify, through the support of appropriate opti-
mization algorithms, the optimal one. The proposed methodol-
ogy has been applied to ﬁnd the best conﬁguration of a mechan-
ical ventilation system. This sort of system is used in domestic
environments to facilitate the air exchange. We are thus facing a
multi-objective design, in which it is necessary to optimize the
thermal comfort of the inhabitants and to minimize the energy
consumption.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. Methodology
This section presents the methodology (shown in Fig.1)
studied to support the energy recovery ventilator - ERV design
for a domestic kitchen.
The achieved methodology integrates three diﬀerent levels of
analysis: virtual prototyping, design optimization and proto-
typing.
The proposed approach is based on virtual experiments accord-
ing to the necessity of reducing time and costs during the ﬁrst
design phase. The optimum parameters conﬁguration, deﬁned
by the previous step, is useful to deﬁne the geometry of a re-
liable virtual model. The ﬁnal level is the realization of a 3D
ERV with a rapid prototyping printer. The obtained compo-
nent is now evaluable at the test bench to investigate the perfor-
mance.
The virtual prototyping level concerns the phases of model
simpliﬁcation, geometrical parameterization and virtual simu-
lation. The simpliﬁcation of the virtual model is the ﬁrst step
where early analysis identiﬁes the less important geometrical
entities. At this level the engineer interacts with CAD tools to
reduce the geometrical complexity of the real model. The re-
sulting geometry is a closed volume which excludes through
holes, threads, small ﬁllets and chambers, electrical compo-
nents, etc. The next step includes the parameterization of the
main geometrical dimensions. Therefore, the parameters choice
is related to the DoE analysis which requires an orthogonal ar-
ray to plan the virtual experiments.
The design optimization guides the analysis of virtual simula-
tion by identifying a certain number of parameters which inﬂu-
ence the performance. The simulation basically regards CFD
analysis which reproduces system behavior without physical
manufacturing. Through the construction of the response sur-
face it is possible to analyze the product in all operating condi-
tions.
The DoE level provides the experiment plan deﬁnition related
to the parameters chosen in virtual modeling. The engineer can
use his know-how to set the parameters range and to evaluate
the most suitable conﬁguration. According to DoE approach,
a reduced number of experiments is required to elaborate the
ﬁnal optimum condition. Each test includes a combination of
the set values in order to investigate the inﬂuence of each pa-
rameter. The objective function includes three levels of speciﬁ-
cations: the maximization of the ERV performance and the air
ﬂow temperature that entry in the kitchen and the minimization
of the airstream velocity.
Analizyng the CFD results, it is possible to evaluate the opti-
mum condition and to simulate the elaborated conﬁguration.
The result of the design optimization approach, including the
virtual experiments, provides a better parameters conﬁguration.
The elaborated settings could be simulated to evaluate the per-
formance with virtual tools. The next step is the rapid proto-
typing of the better conﬁguration, using a 3D printer tool. At
the test bench, the real world experiments can conﬁrm the ﬁnal
analyzed conﬁguration of the printed model.
In the next sections this methodology will be applied in design-
ing of an energy recovery ventilator - EVR for a single room
ventilation.
Figure 1: Scheme of the proposed methodology.
3. Numerical model
In this paper, the heat transfer and ﬂuid ﬂow characteristics
of ERV are obtained by numerical simulation. The numeri-
cal simulation is performed using the commercial CFD code
ANSYS-Fluent. The numerical model has been veriﬁed to be an
accurate representation of real world through comparison with
experimental test results. The CAD geometry of the model was
generated in SolidEdge.
3.1. Geometry, mesh and boundary conditions
The geometry of ERV is modeled as a shell-and-tube heat
exchanger. In heat transfer application the shell-and-tube heat
exchanger is the most common type in use. This system oﬀers
several advantages such as: large heat transfer surface area-to-
volume, easy manufacturing and disassembly, low cost etc. . .
In Fig.2 is shown the geometry of the ERV, it consists of a bun-
dle of cylindrical tubes enclosed within a cylindrical shell. One
ﬂuid ﬂows through the tubes and a second ﬂuid ﬂows within the
space between the tubes and the shell.
Figure 2: CAD geometry of the Energy Recovery Ventilator.
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Table 1: Geometric and operating factors.
Factors Type Value/Range u.o.m
Geometric
Shell outer diameter Ds Constant 150 [mm]
Shell thickness ss Constant 2 [mm]
Tube outer diameter Dt Constant 10 [mm]
Tube thickness st Constant 0,5 [mm]
HVR length LERV Constant 450 [mm]
Number of tubes nt Constant 95
Operating
Inlet temperature supply air mass ﬂow Ti,s Constant 278, 15 [K]
Inlet temperature exhaust air mass ﬂow Ti,e Constant 298, 15 [K]
Supply air mass ﬂow m˙s Variable 0, 015 ÷ 0, 08 [kg s−1]
Exhaust air mass ﬂow m˙e Variable 0, 015 ÷ 0, 08 [kg s−1]
The ERV considered in this study is designed to ﬁt into a
standard domestic kitchen ventilation hole. Therefore, for a
mean Italian home, it has to have 150 [mm] of radius and 450
[mm] of length. The inner tubes thickness is 2 [mm].
Mesh generation is performed using a structured, non-uniform
mesh system of polyhedra elements within the mesh generator
of Ansys.
The supply and exhaust airstreams heat exchange in a counter-
current ﬂow arrangements. Both the ﬂows are assumed to be
incompressible, single-phase, steady-state, turbulent and uni-
form at the inlet and outlet of the ERV. Aluminum was chosen
as material for the tubes. Physical properties are supposed to
be constant with temperature and velocity. Adiabatic boundary
condition is adopted in the outer wall of the shell. For the inlet
boundary mass ﬂow rate was chosen while for the outlet bound-
ary pressure outlet boundary condition was chosen.
In Tab.1 are shown the value of the main geometric and operat-
ing parameters.
3.2. Governing equation
The numerical simulation was carried out assuming a 3D
steady-state turbulent ﬂow. Considering this assumption, the
governing equations of mass, momentum and energy conserva-
tion were modiﬁed as follows:
Continuity equation:
∂
∂xi
(ρui) = 0 (1)
Momentum equation:
∂
∂xi
(ρuiuk) =
∂
∂xi
(
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)
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(2)
Energy equation:
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)
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(3)
where u is the velocity; x the direction; ρ the density; μ dynamic
viscosity; p the pressure; T the temperature; Cp the heat capac-
ity at constant pressure and k the ﬂuid thermal conductivity.
In this article, the shear-stress transport (SST) k-ω viscous
model is adopted. Transport equations for SST k-ω model are:
∂
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where G˜k represents the generation of turbulence kinetic en-
ergy due to mean velocity gradients; Gω the generation of ω;
Γk and Γω the eﬀective diﬀusivity of k and ω; Yk and Yω the
dissipation of k and ω due to turbulence; Dω the cross-diﬀusion
term and S k and S ω are user-deﬁned source terms.
3.3. Solution method
The governing equations are solved by the COUPLED al-
gorithm. The COUPLED solution method solves the governing
equations simultaneously giving a more robust and eﬃcient sin-
gle phase implementation for steady-state ﬂows. Second-order
upwind scheme was chosen for the discretization of the con-
vection terms of each governing equation and pseudo-transient
approach was enabled for the numerical simulation. The con-
vergence criteria was set to the tolerance of 10−4.
4. Optimization analysis
4.1. Response surface methodology (RSM)
Response Surface Methodology (RSM) consists of a
group of statistical and mathematical techniques useful in
the development, improvement and optimization of sys-
tems/processes/services. This method is widely used in in-
dustry, especially in situations where there are many input
variables that potentially aﬀect the measurements of system
characteristics[11]. The goal is to simultaneously optimize the
levels of these variables in order to obtain the best performance.
Input variables (or independent variables), the values of which
can be controlled and set by the experimenter, are called fac-
tors. The response variable (or dependent variable) is the mea-
sured quantity, the value of which is aﬀected by the levels fac-
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tors changes.
The application of RSM takes concrete form by determining
the approximate functional relationship between the input vari-
ables and the response of the system to be optimized. Typically
second order polynomials expressions are used.
The relationship between the response and the inputs is given
by:
y = f (x1, x2, . . . , xn) +  (6)
where y is the response, f is the unknown function of response,
x1,x2,. . . ,xn denote the independent variables, n is the number
of the independent variables and ﬁnally  is the statistical error.
It is generally assumed that  has a normal distribution with
mean zero and variance.
RSM consists of the following steps:
1. choice of the major eﬀect factors on the system and delim-
itation of the experimental domain;
2. designing a set of experiments in order to have adequate
and reliable measures of the interest response;
3. determining the mathematical model that best interpolates
data obtained from designed experiments;
4. identiﬁcation of the input variables optimum values that
produce the maximum(or minimum) value of the response.
4.2. Design of Experiments (DoE)
An experiment is a test or a series of tests in which purpose-
ful changes are made to the input variables (factors) of a process
so that we may observe and identify the reasons for changes in
the output response/s.
In industrial design the realization of tests is always a ma-
jor source of costs, both as employment of time and of hu-
man,material and computational resources.
The Design of Experiments - DoE[5] is a statistical method-
ology to approach the design and organization of experiments
that allows to get as much information as possible with the min-
imum amount of resources, i.e. with the smaller possible num-
ber of experiments.
Usually the most immediate experimental procedure consists
in performing one or more tests, for each value of the inves-
tigated independent variable, leaving unchanged all the other
conditions:One Factor At a Time-OFAT approach. The eﬀects
evaluation of the other parameters variation is obtained by re-
peating the same type of procedure for each of them. OFAT
method doesn’t study contemporary the variations eﬀects of
two or more parameters. On the other hand, the DoE method-
ology is based on tests characterized by the simultaneous vari-
ation of more parameters [12].
The ﬁrst step of the DoE is the choice of the factors, the num-
ber of the levels, the range of the variability intervals and the
response variable. Then the proper experimental design is de-
ﬁned and the experiment is conducted. Finally, the obtained
data are statistically processed to generate the response surface.
There is a large amount of experimental designs in the litera-
ture. Central composite design (CCD) method is applied in this
simulation. It has been described by Box and Wilson in 1951
and it is one of the most used second-order models[13] because
it is extremely simple to use and it allows estimation of all pa-
rameters in a full second-order model. It consists (Fig.3) of a
two-level full or fractional design (corner points), an additional
Figure 3: Example of central composite design for 2 factors with α <
1. Symbol points are the experiments of the design.
design (star points), that allow curvature estimation, and a point
at the center of the design space (center points). If the distance
of a factorial point from the center of the design space is ±1
unit for each factor, the distance of a star point from the center
of the design space is ±α. The value of α depends on the design
and on the number of factors involved[14].
4.3. The choice of factors
The response of a system may be aﬀected by several fac-
tors and it is practically impossible to identify and study each
minimum contribution. Moreover, more are the eﬀects to con-
sider and less accurate, necessarily, will be the experimen-
tal ﬁtting of the obtained data. Therefore, to contain the
costs(computational and of resources) and to make the analysis
more precise, it is necessary to choose those factors with major
impacts on the response. In case of complex design, where it is
not easy to know the cause-eﬀect relationship between factors
and response, a screening design should be carried out to indi-
viduate which variables have more signiﬁcant eﬀects.
In this case, in addition to the geometric parameters described
above, it is possible to identify the operating parameters. The
variables concern the incoming and outgoing ﬂows of the room
and the inside and outside temperatures.
In this paper to optimize an energy recovery ventilator, two
factors are considered: exhaust air mass ﬂow and supply air
mass ﬂow. The range of variation of these variables is shown in
Tab.1. The values of the temperature are ﬁxed as required the
energy consumption testing of these devices [15].
4.4. The choice of responses and the goals of optimization
For a single room, it is important to have an eﬃcient ventila-
tion and as large as possible heat recovery. Moreover, the emis-
sion of noise from the units should be low. To evaluate that,
the following characteristics of the ERV are analyzed: thermal
eﬃciency ηt, temperature and velocity of the airstreams on inlet
and outlet sections.
The thermal eﬃciency of the ERV ηt is index of recovered heat
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Table 2: DoE matrix and simulation results.
No. Factors Response
m˙s [kg s−1] m˙e [kg s−1] To,s [K] To,e [K] vs [m s−1] ve [m s−1] ηt
1 0,02375 0,0475 288,02 288,73 4,18 9,86 0,49
2 0,02375 0,015 283,81 281,35 4,18 3,12 0,90
3 0,02375 0,08 289,54 291,67 4,18 16,60 0,57
4 0,0075 0,0475 294,17 293,28 1,32 9,86 0,80
5 0,04 0,0475 285,11 286,95 7,04 9,86 0,59
6 0,0075 0,015 290,83 286,18 1,32 3,12 0,63
7 0,0075 0,08 294,89 295,11 1,32 16,60 0,84
8 0,04 0,015 281,70 280,33 7,04 3,12 0,95
9 0,04 0,08 286,60 290,04 7,04 16,60 0,42
and saved energy and is deﬁned as:
ηt =
Cp,sm˙s(To,s − Ti,s)
min(Cp,sm˙s,Cp,em˙e)(Ti,e − To,e) (7)
The supply airstream outlet temperature To,s is signiﬁcative in
order to assess the perceived environmental comfort. In fact,
cold drafts create discomfort situations.
The evaluation of the airﬂows velocities are related to the noise
generation and to the environmental comfort: the more the ve-
locity is high the higher will be the noise and the less the com-
fort.
The ideal situation, from a environmental comfort point of
view, is that the refresh airstream outing from the EVR has the
temperature as high as possible and the velocity as small as pos-
sible.
Deﬁnitily, the optimization analysis of the EVR is carried out
setting as goals the maximization of the thermal eﬃciency ηt
and supply airstream outlet temperature and the minimization
of the airﬂows velocities.
In this paper to solve this multi-objective optimization the
Multi-objective Genetic Algorithm - MOGA [16] is used. It is
recognized as one of evolutionary algorithms with higher per-
formance and, therefore, is one of the most used in the prob-
lems of multi-objective optimization. This algorithm, based on
the Darwin’s evolutionary theory, starting from a population of
individuals that evolves from generation to generation, it per-
forms a heuristic search that favors the areas of the search space
where it is most probable to ﬁnd optimal solutions.
5. Results and discussion
The aim of this study was to develop a methodology that en-
ables engineers to ﬁnd optimal solutions quickly and easily. In
particular, in this paper an ERV for a single room ventilation is
optimized.
In Tab.2 the DoE matrix whit the results of computational ﬂuid
dynamic simulations are reported. These results, through RSM,
are regressed so as to obtain the plots shown in Fig.4,5.
In order to save energy and to avoid thermal discomfort, good
heat recovery is needed. It is evident from the results (Fig.4)
Figure 4: Thermal eﬃciency ηt as function of the air mass ﬂows.
that a great heat recovery (evaluated by ηt) can be achieved us-
ing this device, especially when m˙e and m˙s are respectively at
opposite ends of the variation range.
Figure 5: Temperature of the supply airﬂow outing from the heat re-
covery ventilator To,s as function of the air mass ﬂows.
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Figure 6: Sensitivity histogram between responses and factors.
In order to avoid discomfort situations is signiﬁcative to have
high To,s and low airstreams velocities.
Fig.5 shows the response of To,s to the air mass ﬂows variation.
Comparing Fig.4 with Fig.5 it is possible to observe that to have
high value of ηt not necessary means to have high value of To,s.
No ﬂuids velocity plot is reported because by the continuity
equation is known the directly proportional to mass ﬂow.
The Fig.6 shows the sensitivity histogram. Through this
analysis is possible to evaluate the variables calculated depen-
dencies as function of the chosen input parameters. It is inter-
esting to note how ηt is more sensitive to m˙e than m˙s.
It is evident how to individuate by-eye which are the optimal
mass ﬂow value is unfeasible, considering also that some goals
are conﬂicting. Therefore, to orient, support and monitor, the
MOGA algorithm has been used. In Tab.3 are shown three opti-
mal space points design, i.e. those that allow to maximize heat
recovery and To,s and to minimize airstreams velocity, individ-
uated by the MOGA algorithm.
Table 3: Optimal space points design.
m˙e [kg s−1] m˙s [kg s−1] ηt To,s [K] vmax [m s−1]
0,0769 0,0076 0,82 294,84 13,56
0,0701 0,0076 0,83 294,81 12,36
0,0575 0,0075 0,82 294,61 10,19
6. Conclusion
The proposed approach has been validated during the design
of a energy recovery ventilator for domestic buildings.The main
geometrical and operating parameters have been analyzed and
it has been deﬁned a Central Composite Design in order to plan
the necessary virtual experiments. Using a CFD tool has been
simulated the ﬂuid dynamic performance for each planned ex-
periments. The geometrical model, has been previously simpli-
ﬁed using a parametrical approach. An objective function has
been formulated so as to give a value to each virtual experiment.
The evaluation criteria are based on maximizing the eﬃciency
of the system and minimizing the exchanged air ﬂow. After
the simulation calculation, an optimal conﬁguration has been
found. The new conﬁguration is then validated by CFD analy-
sis. The use of the Response Surface method allows a decreases
in the number of experiments, while the introduction of virtual
prototyping reduces pilot manufacturing. The construction of
the response surface allows to know the product performance
without carrying out the test on every working point.
Deﬁnitely, DoE techniques has been proven to be a practical
and an eﬀective design tool that can help engineers in systems
design under diﬀerent operating conditions.
As a future development, the proposed methodology will be
extended to the design of a new energy recovery ventilator. In
particular a diﬀerent type of heat exchange will be analyzed in
order to validate the design approach.
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